The article presents the results of experimental research on evapotranspiration and transpiration of a common reed bed. The study was conducted in 2014-2015 on Lake Raduńskie Górne (Kashubian Lakeland) in the summer half-year from 1 May to 31 October. In the experiment two sets of standard evaporimeters GGI-3000 were used. One of the evaporimeters was filled with water, while the second additionally contained common reed. During the experiment medium reed bed density was 240 shoots per square metre. The results of the study showed that during the research period the average daily common reed transpiration was 3.9 mm, and the daily maxima reached 12.1-12.5 mm. Average monthly transpiration totals ranged from 42.8 (October) to 208.5 mm (August). During the growing season, the loss of water to transpiration reached 872-971 mm. The average transpiration rate, determined in the conditions of already well developed reed bed (June-September), was 1.83 dm 3 m -2 d -1
Introduction
Determining the components of lake water balance is a complex task. Firstly, this is due to the need to take into account a large number of elements of water supply and outflow and, secondly, the difficulty of accurately determining the real value of some of these balance elements using field methods (Choiński 2007 ). In the case of lakes whose surface is also covered with emergent vegetation, determining the balance component relating to water lost to evaporation can be subject to considerable error resulting from its underestimation or failure to include emergent vegetation transpiration.
The role of the reed bed in shaping lake water balance turns out to be extremely important considering that over 99% of the 300 million lakes on Earth (Downing et al. 2006 ) have an extensive littoral zone (over 99% of the lake surface), representing a potential macrophyte habitat (Wetzel 2001) . Moreover, following limnological succession, modified by the various forms of human activity, a constant increase in the share of the littoral zone in the total lake surface is observed. Research on changes in lake surface in Poland prove that the dominant process leading to the natural disappearance of lakes is their overgrowing from the shores (Pieńkowski and Kuprec 2001; Ławniczak 2010; Ptak 2013) . Decrease in the open water area is accompanied by the invasion of macrophytes and an increase in the area occupied by reed bed. The only comprehensive data available on which to base an assessment of the overgrowing rate of Poland's lakes is the documentation of the Inland Fisheries Institute in Olsztyn dating from the years 1950 -1960 . Structured data for nearly 900 lakes indicate that at that time emergent vegetation covered 4.1% of their surface. The overgrowth coefficient ranged from 2.8 (Pomeranian Lakeland) to 7.3% (Greater Poland-Kuyavian Lakeland) (Kowalczyk 1993) . On the other hand, Ławniczak (2010) showed that in the last 50 years the surface area occupied by emergent vegetation of Lakes Nie-pruszowskie and Tomickie (Greater Poland Lakeland) increased by, respectively, over 170 and 414%.
Water loss due to transpiration of water plants was first tested in the first half of the last century. Otis (1914) showed that evaporation from the vegetated water surface (ET h ) is much greater than from the open surface (E O ). The author calculated that plant evaporating power (ET h /E O ) ranges from 0.86 (water lily) to 3.05 (cattail). Similar conclusions were drawn by Kuznecov (1949 : cited by Uryvaev 1953 , who stated that the loss of water from a helophyte-covered surface is 1.5-2.5 times greater than evaporation from open water. Similar ratios of ET h /E O were also mentioned by Kiendl (1953 ), Gelboukh (1963 , and Herbst and Kappen (1999) . The research by Šmid (1975) and Price (1994) showed that evapotranspiration from reedcovered surface is similar to open water evaporation, and the ratios of ET h /E O are, respectively, 1.03 and 0.97. Measurements of evapotranspiration of aquatic plants related to Poland's climatic conditions were conducted in the years 1971 in Mikołajki (Bernatowicz et al. 1976 ) and in 2005-2011 in Radzyń (Rösler et al. 2012 ). The results of these studies also indicate increased vegetated water evaporation and in the summer half-year helophyte evaporating power ranges from 1.6 to 3.5 (Rösler et al. 2012) . A large range of variation of the ratio ET h /E O given in the literature stems from different evapotranspiration measuring techniques (lysimeter, evaporimeter, Bowen ratio, water balance), methods for calculating reference evaporation (E O ), species composition as well as development of aquatic plants and weather conditions. Accordingly, following the overgrowing process of lakes and relatively high evaporating power of aquatic plants, it is expected to record an increased share of transpiration of helophytes in the total water loss to evaporation, as well as in the overall lake water balance.
In order to verify the research hypothesis which assumes that helophytes significantly affect the increase of water losses due to atmospheric exchange, empirical studies were undertaken aimed to determine the difference in evaporation from open water and common reed-covered water (Phragmites australis (Cav.) Trin. ex Steud.). The results of evaporation and transpiration measurements collected during the experiment were used to: (i) estimate the transpiration rate of common reed, the dominant species of the lake rush zone in Poland, (ii) calculate the transpiration rate of common reed, and (iii) determine practical empirical relationships between reed bed evapotranspiration and open water evaporation in lakes adapted to the climatic conditions of the Kashubian Lakeland.
Study area
Field research on the transpiration of macrophytes was conducted at the Limnological Station of the University of Gdańsk in Borucino. The station is Fig. 1 . Location of the Limnological Station in Borucino located in the eastern part of the Kashubian Lakeland, on the northern shore of Lake Raduńskie Górne (Fig.  1) . Borucino is a third order climatologic station with a barometer, where measurements are performed three times a day. A traditional weather station, functioning there since 1959, it was equipped with an automatic weather station Vaisala MILOS-500 in 2005. The location of the weather station (54°15' N, 17°59' E; geodetic elevation: 163 m a.s.l.) has remained unchanged from the beginning of its operation.
Borucino is one of the few weather stations in Poland which carries out continuous evaporimetric measurements. The station has an evaporimetric basin of 20 m 2 and two evaporimeters GGI 3000 with an area of 3000 cm 2 . One of them is placed on land, while the other one, called the "floating evaporimeter", is mounted on a raft. The evaporimetric raft is anchored in Łączyno Bay about 200 metres from the lakeshore.
In terms of climatic regions of Poland, based on the frequency of certain types of weather, Borucino station is located within the region of the Eastern Pomerania (Woś 1999) . This region has a mean annual air temperature of approximately 7.5°C, while the annual temperature range reaches 18.8°C. In the summer half-year when evaporation is measured, average temperature in Borucino is 13. 4°C (1961-2015) . The multiannual average of other climate parameters for the summer half-year are: precipitation -398 mm; atmospheric pressure -989.4 hPa, relative humidity -78.4%, vapour pressure -12.1 hPa, vapour pressure deficit -3.5 hPa.
Methods
The essential part of the field experiments conducted in the years 2014-2015 were measurements of open water evaporation as well as evapotranspiration from the water surface and the rushes growing on it. The measuring set included two evaporimeters GGI 3000. One of them was filled with water, while the other -also filled with water -was overgrown with common reed (Phragmites australis (Cav.) Trin. Ex Steud.). The average vegetation density during the experiment was 240 shoots per square metre.
The measuring set was placed in the south-eastern part of the weather station, at such a distance from the other measuring instruments and other fixed objects as to allow free air flow over the evaporating surface and its full exposure to solar radiation.
Evaporation, evapotranspiration and precipitation measurements (the latter necessary to correct the measured values) were performed in the summer-half year from 1 May to 31 October. Readings were performed twice a day at 06:00 and 18:00 UTC. The values of daily evaporation and evapotranspiration were the sums of the period from 18:00 on the previous day to 18:00 on a given day.
The characteristics of meteorological conditions of the measurement period were based on the data recorded by the automatic weather station MILOS-500. These data include average hourly values: air temperature, relative humidity, wind velocity, atmospheric pressure and total precipitation. To determine water vapour pressure and water vapour pressure deficit standard psychrometric tables were used (Rojecki 1959) .
The overall thermal and pluvial characteristics of the measurement periods as well as climatic classification of individual months were based on the scale intervals defined by specific percentile values (Miętus et al. 2002; Miętus et al. 2005) .
Every 2-3 weeks, the total leaf surface of all the reed shoots growing on the evaporimeter was calculated. The surface of a single leaf was based on its three linear dimensions, i.e. the length, maximum width and width measured in the middle of the leaf. For calculations the environment of MATLAB R2013a was used. The programme implemented four interpolation and polynomial approximation methods (maximum of level n-1, where n is the number of known points). Finally, the method adopted as reliable was the one in which confidence level of the result obtained by numerical calculations exceeded 95%. The function most accurately reflecting the leaf surface was approximation (nearly 99% conformity). The measured areas were subject to constant error independent of the measurement data.
To isolate the evapotranspiration component (ET) relating to water evaporation from among the plants (E h ), a complementary experiment was carried out in 2016. The measuring set was supplemented by a third evaporimeter GGI 3000. In this one reed was planted and the water surface was covered with a layer of liquid paraffin 4-5 mm thick. Comparison of the measurement results of the three evaporimeters showed that evaporation from among plants represents 46% of evaporation from open water (E O ) measured in the vegetation-free evaporimeter. Thus, in the calculation of common reed transpiration (T h ) the following formula was adopted: 
Results
The warmest months of the measurement period were July 2014 (20.1°C) and August 2015 (19.7°C), both classified as very warm. The coldest month was October 2015 with an average monthly air temperature of 7.3°C -classified as thermally normal. In 2014 the coldest month was also October (9.7°C), described as slightly warm (Table 1) .
The highest precipitation totals were recorded in September 2015 (96.2 mm) and in May 2014 (86.8 mm). Those months were classified as wet (Table 1) . August 2015 was extremely dry, and the precipitation total was only 11.8 mm. In 2014, the lowest precipitation, amounting to 33.2 mm, was recorded in October (normal month in pluvial terms).
Average monthly relative humidity calculated for the measuring seasons ranged from 66.5 (August 2015) to 84.6% (October 2015). Average humidity in both seasons was similar and amounted to 75-76%. Average monthly water vapour deficit varied from 1.7 (October 2015) to 8.7 hPa (August 2015), and the average vapour pressure ranged from 8.8 (October 2015) to 16.6 hPa (July 2014).
A detailed list of meteorological parameters for the entire measurement period is presented in Table 1 . In general, the measuring season of 2014 was anomalously warm and dry, while in 2015 it was slightly warm and dry.
Decade open water evaporation ranged from 5.2 (second decade of October 2014) to 42.7 mm (first decade of June 2015) (Fig. 2) . Indicators of irregularities of decade evaporation (ratio of standard deviation to the mean value) during the two measurement periods were very similar and ranged from 40 to 42%, with greater irregularity in 2015. Lowest monthly open water evaporation was recorded in October 2014 (27.7 mm), while the highest in August 2015 (108.4 mm). Daily evaporation maxima amounted to 5.6 and 5.7 mm, respectively, in 2014 and 2015.
Water losses from the reed-covered water surface were lowest in the last decade of October 2015 (8.5 mm), while the highest value was recorded in the second decade of August 2015 (108.3 mm) (Fig. 3) . Decade evapotranspiration irregularity was greater than evaporation from the water surface. In 2014, the evapotranspiration irregularity coefficient was 47%, while in the next year -55%. October was the month in which the lowest evapotranspiration total was recorded -51.2 mm in 2014 and 58.0 mm in 2015. Evapotranspiration reached the highest monthly value in August 2015 (304.2 mm), an extremely warm and extremely dry month (Table 1) . In 2014 and 2015 daily evapotranspiration maxima were 14.7 and 14.9 mm, respectively.
Common reed transpiration was the lowest in the last decade of October 2014 (7.2 mm), while the highest value (88.9 mm) was recorded in the second decade of August of the following year (Fig. 4) . Decade transpiration variability proved to be the highest. The coefficients of irregularities were 50% in 2014, and 60% in 2015. As with the previously discussed characteristics, October was the month in which the smallest , respectively, in 2014 and 2015. In both years average seasonal reed density at the site was similar and amounted to 230-260 live shoots per square metre. Greatest reed density was recorded in September 2015 (330 shoots per square metre), while the lowest density was observed in May 2014 (180 shoots per square metre). In both years, by the end of the growing season (October), only 20.6-32.9% of shoots were still living. The morphological characteristics of common reed at the measuring site in both research seasons are presented in Table 2 . ). The difference in the transpiration rate measured in different measurement seasons did not exceed 2.2% of the mean value determined for the entire study period.
Discussion
Transpiration and evapotranspiration rate depend on meteorological factors such as availability of solar energy, air temperature and humidity, wind velocity (Baier 1968; Hanami 1974; Sánchez-Carrillo et al. 2001) , as well as plant species and their physical parameters (Devlin 1975; Snyder and Boyd 1987; Kacperska 2009 ).
Daily totals of transpiration and evapotranspiration measured in Borucino in the summer half-years of 2014 and 2015 showed a very strong, positive correlation with water vapour deficit and air temperature. These correlations were statistically significant, and the confidence level exceeded 95% (Figs 5A, D and Figs 6A, D) . These two parameters define the evaporation power of the atmosphere, and in waterlogged conditions and permanent availability of water for plants they determine biological evaporation rate. Slightly less marked but equally clear, was the influence of relative humidity (Fig. 5B, Fig. 6B ). Since water vapour deficit is closely dependent on air temperature and its humidity, these three parameters shape the strongest evapotranspiration and transpiration rate. In many empirical models used to estimate water losses to evapotranspiration and/or transpiration, besides solar energy -a key factor in the size of these streams, the above meteorological parameters or combinations thereof are also commonly used (Sánchez-Carrillo et al. 2001; Chunpin et al. 2002) .
Less manifested, however, was the impact of water vapour pressure on evapotranspiration (R 2 = 0.414; p < 0.05) and transpiration (R 2 = 0.440, p < 0.05) (Fig.  5C, Fig. 6C ). In addition, there was no statistically significant correlation between evapotranspiration/transpiration and wind velocity or atmospheric pressure (Fig. 5E-F, Fig. 6E-F) . It is understood that both of these factors play an important role in the atmospheric water exchange. The wind, affecting the exchange rate of the residual air above the evaporating surface, shapes dynamic changes of water vapour content in the atmosphere. Atmospheric pressure determines the energy evaporating water molecules need to overcome in order to penetrate into the environment during diffusion (Malinowska 2010) . Under the conditions of the experiment, these parameters were found to be secondary factors.
Consequently, the largest daily values of ET h and T h were observed in times of high water vapour deficit (greater than 7.0 hPa) and air temperature higher than 20°C. In July 2014 and August 2015, when the monthly totals of ET h and T h were the highest, the average monthly water vapour deficits ranged from 7.4 to 8.7 hPa, and average temperatures from 19.7 to 20.1°C. The greatest daily loss of water to transpiration (> 12 mm d -1 ) was observed when the air temperature exceeded 23°C, and the water vapour deficit was more than 14.0 hPa. Average and maximum daily T h values found during the experiment correspond well to the values found for other areas located in the temperate climate zone (Table 4) .
The lowest monthly, decade and decade and daily values of ET h and T h occured in October, which was a consequence of the drop in air temperature (8.5°C) and water vapour deficit (1.8 hPa). This month, compared to the entire summer half-year, showed the highest relative humidity (>84%). Another factor limiting transpiration volume during that month was a gradual decrease in the life activity of reed, its aging (wilting) and necrosis (Kopcewicz 2012) .
All parts of aquatic plants that are above water take part in transpiration. However, the most efficient transpiring organ is the leaf (Gumiński 1983) . The rate of this process therefore depends on the number and size of leaves (Kacperska 2009 ). The biggest differences between the T h and E O were observed when the index LAI was significantly higher than 2.5 m 2 m -2
, and the total area of leaves in the reed bed was 80-100 dm 2 . In the period of maximum development of the reed bed, transpiration was twofold higher than open water evaporation (Fig. 7) .
The average common reed transpiration rate throughout the measurement period (May-October) was 1.91 dm 3 m -2 d -1
, and for the period of the welldeveloped reed bed (June-September) it was 1.83 dm . From June to September, transpiration rate ranged from 59 to 146% of the average determined for that period. The abnormally high evaporation rate re- corded in October (500-690% of the average) indicates its considerable overestimation. This may be due to: (i) transpiration overestimation following an underestimation of evaporation from the reed bed water surface (adoption of a fixed correlation E h = 0.46E O ), (ii) low frequency of the leaf area measurements during reed aging, thus underestimating its actual value (leaf area measurements were performed in the third decade of October), (iii) a water capillary rise in already dead stems and evaporation from their surface. Underestimation of evaporation from the reed bed water surface may also be indicated by an increased transpiration rate in May, when the reed was just beginning to form (Table 2). Therefore, the results of transpiration rate measurements referring to June-September ( Sánchez-Carrillo et al. (2001) and more than twice as high as that specified by Bernatowicz et al. (1976) for the Masurian Lakeland (Table 4) . The ratio of T h /E O quoted in the latter paper appears to be significantly underestimated, which is indirectly indicated by the studies by Rösler et al. (2012) . These authors determined the average ratio of T h /E O as equal to 2.43 (Table 4) . Even assuming overestimated reedcovered water evaporation as equal to open water evaporation (i.e. E h = E O ), the average ratio of T h /E O calculated from the measurements by Rösler et al. (2012) is ~1.43. Furthermore, studies by Herbst and Kappen (1999) confirm that the average annual value of the ratio is greater than 1. Therefore, it can be assumed that during the growing season the relation of common reed transpiration to open water evaporation is described by the ratio T h /E O = 1.5-1.6. The real impact of reed bed evapotranspiration on the lake water balance can be specified from the ratio of ET h /E O . Its mean monthly values ranged from 1.2 to 2.8. Most research indicates an ET h /E O ratio for common reed of 0.92-3.48 (Table 4) . The values of ET h /E O obtained during the experiment are within this range. The mean ratio of 2.0 for the entire measurement period is similar to those provided by Herbst and Kappen (1999) as well as Rösler, et al. (2012) . Particularly interesting is the comparison of the current research results with those obtained by Rösler et al. (2012) in Radzyń on Lake Sławskie. In both cases, the same measurement methods were used. Average evapotranspiration in the period of May-October in Radzyń (1346 mm) was 46% higher than in Borucino. With the differences in open water evaporation up to 21%, the average ET h /E O ratio was 2.43 (Table 4 ). The larger ET h /E O ratio established for Radzyń mainly reflects the regional diversity of climatic conditions. The Radzyń weather station is located in the Southern Greater Poland climatic region (Woś 1999) . Compared with the region of Eastern Pomerania, in summer this region has an air temperature that is higher by 1.1°C, and a humidity water vapour deficit greater by 1.0 hPa. Energy conditions of both regions are similar, and the average total radiation flux is 14.6-14.7 MJ m -2 d -1 (Miara et al. 1987 ).
Conclusion
The research results showed that mean daily common reed transpiration between May and October was 3.9 mm. Maximum daily transpiration values reached 12.1-12.5 mm. Decade values ranged from 7.5 to 71.9 mm. The highest monthly transpiration total was observed in August (208.5 mm), while the lowest in October (42.8 mm). During the growing season water losses to transpiration reach 872-971 mm. The average transpiration rate, determined for the period of JuneSeptember, in conditions of the already well-developed reed bed, amounted to 1.83 dm 3 m -2 d 
